High-resolution x-ray reflectivity ͑XR͒ and small-angle neutron scattering ͑SANS͒ are applied to characterize both the nonuniform depth profile and pore structure of a low-dielectric-constant ͑low-k͒ thin film as prepared on a silicon substrate. The XR data show that the density depth profile has a multilayered structure with a dense, nonporous top layer and a less dense, porous bulk layer. A scattering invariant analysis of the SANS data is used to determine the average chord length of the pores, (14.8Ϯ2.0) nm, independent of the depth profile. Given the elemental composition of the film, the XR and SANS data are combined to calculate the mass density of the top layer, (1.13 Ϯ0.05) g/cm 3 , the porosity of the less dense layer, (0.28Ϯ0.10), and the wall density, (0.92 Ϯ0.15) g/cm 3 .
The semiconductor industry is rapidly developing new low dielectric constant ͑low-k͒ materials critical to continuing performance increases in integrated circuits. To lower the effective dielectric constant ͑k͒ to 2.0 and below, materials developers have identified new processes to incorporate pores or voids into a base material.
1 Many different strategies for accomplishing this have been pursued, including the introduction of thermally labile materials that are removed from the matrix by thermal post-treatments through the use of solvent mixtures, 2-4 surfactant-templated structures, 5 block copolymers 6 or dendrimers. 7, 8 In addition, a large number of physical property requirements such as the Young's modulus and adhesion energy of the film must be met to ensure successful integration into standard silicon processing steps. 1 Unlike the nonporous conventional dielectric, silicon dioxide, the mesoscale structure of porous low-k dielectrics strongly influences the physical and electrical properties of the interlayer material. Characterizing the pore structure is critical to understanding the resulting material properties and to improving the fabrication process. There are few experimental techniques for on-wafer characterization of pore structure. They include positronium annihilation lifetime spectroscopy ͑PALS͒, 9 ellipsometric porosimetry, 10 and a combination of x-ray reflectivity ͑XR͒ 11 and small angle neutron scattering ͑SANS͒. 12, 13 To date, these methods have been applied to porous low-k films that have homogeneous density depth profiles, either assumed or measured. However, the dielectric film may have a nonuniform depth profile due to either processing or fabrication steps that complicates the analysis of the data from these characterization methods. For example, solid hydrogen silsesquioxane films have nonuniform density depth profiles after treatments with plasmas designed to increase the surface density of the films and enhance their mechanical properties.
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In this letter, we demonstrate the application of XR and SANS as a methodology to determine both the nonuniform depth profile of a porous thin film and information about the pore structure. Quantifying variations in the density profile is needed to correctly interpret the SANS data for the porosity, wall density, and pore size in the porous bulk of the film. A scattering invariant analysis of the SANS data is used to calculate the average pore size independent of the density depth profile. A full analysis of the XR and SANS data provides information consistent with a film structure with a porous lower layer covered by a layer of the nonporous matrix material.
The low-k dielectric film used in this study is a porous poly͑arylene ether͒ film ͑Velox-ELK™͒.
14 The sample is prepared by spin-coating the resin from a solvent solution followed by spin-dispense of a nonsolvent developer. The choice of solvent and non-solvent strongly impacts the pore characteristics. In addition, a nonuniform depth profile arises from the application of the non-solvent developer solution. Specific details of the preparation methods for Velox-ELK can be found elsewhere. 3, 4 The mole fractions of the elements in the film are estimated from a combustion analysis of the base materials as (57Ϯ5)% carbon, (40Ϯ5)% hydrogen, and (3Ϯ5)% oxygen. 15 High-resolution x-ray reflectivity at the specular condition ͑identical incident and detector angles, ͒ was measured using a /2 configuration with a fine focus copper x-ray tube as the radiation source. The incident and reflected beams are both passed through germanium ͓220͔ monochromators. The resulting beam has a wavelength of 1.54 Å, a wavelength spread, ⌬/ϭ1.3ϫ10 Ϫ4 , and an angular divergence of 12Љ. This instrument has the precision and resolution necessary to observe interference oscillations in the reflectivity data from films up to 1.4 m thick. The reflectivity data are plotted as a function of q ͓qϭ(4/)sin ͔. SANS measurements were performed on the 8 m NG1 line at the National Institute of Standards and Technology Center for Neutron Research. The neutron wavelength was 6 Å with a wavelength spread ⌬/ of 0.14. To increase the scattered intensity from these thin films, six sample pieces were stacked within the cell. The single crystal silicon substrates are nearly transparent to the neutron beam and the scattered intensity arises almost completely from the structure in the porous thin films. The two-dimensional scattering data were corrected for empty cell and background scattering using standard reduction methods. The scattered intensity was placed on an absolute intensity scale with reference to a neutron scattering standard. The scattered intensity is plotted as a function of q where qϭ(4/)sin and 2 is the scattering angle.
In Fig. 1 , the x-ray reflectivity from the film is presented as a function of q along with several fits to the data. At very low angles or q values, the x-ray radiation is almost totally reflected from the film surface with a reflectivity of unity. At a critical angle, c , x rays begin to penetrate the top surface of the film. The critical angle is directly proportional to the electron density of the film near the top surface. At slightly higher q values near qϭ0.003 Å Ϫ1 , another critical angle arising from the silicon substrate is visible. The oscillations in the reflectivity data represent the constructive and destructive interference between x-rays reflected from the film/air interface and the silicon/film interface as well as any other interfaces through the film.
In addition to the average mass density of the film, the film density depth profile and thickness can be determined from a detailed analysis of the reflectivity data. The x-ray reflectivity data are fit with a nonlinear least squares algorithm using the recursive multilayer method of Parratt. 16 Model profiles are generated from multiple layers with varying thickness, electron density, and roughness. The best fit electron density depth profile to the data provides the overall film thickness, the film roughness, and the average electron density of the film.
An initial inspection of Fig. 1 does not immediately suggest a multilayered structure, because the reflectivity data appear to have a single frequency of oscillation. The best fit to the data using a single homogeneous layer is shown in Fig. 1 and clearly does not fit the experimental data. A full fit to the data requires five separate layers split into two general sections, as shown in Fig. 2 . There is a dense layer at the film/air surface and a less dense layer at the film/silicon substrate. The top layer is (1670Ϯ10) Å thick with a density of (1.13Ϯ0.05) g/cm 3 , a reasonable value for an organic material. The lower layer of the film has a density of (0.66 Ϯ0.05) g/cm 3 with a thickness of (6620Ϯ10) Å. The interfacial width between these two layers is approximately 200 Å. From this data, there is not significant variation in porosity through the porous region of the film because the average mass density of the porous part of the film is uniform. The XR data, however, are insufficient to determine if the pore size distribution varies through the layer. These observations are qualitatively consistent with scanning electron microscopy images of the film cross section.
The average mass density of the film eff is related to the porosity and wall density of the film through Eq. ͑1͒:
where w is the density of the wall material and P is the porosity of the film. Here, an assumption of the matrix mass density could provide a numerical estimate of the film porosity, but not pore size. Equation ͑1͒ also assumes that the film is homogeneous but is easily generalized for any position in a varying density depth profile. Figure 3 shows the raw SANS data on an absolute intensity scale assuming that all of the scattering objects ͑pores͒ are located in the lower layer of the film. The scattering thickness is taken to be 6620 Å, the thickness of the less dense layer. The data show the intensity decreasing strongly with increasing q. From the log-log plot, the limiting power law behavior follows the Porod limiting scaling law, I ϳq Ϫ4 , shown in Fig. 3 . This limit indicates that the pore/ wall interface is smooth and not fractal. 17 The plateau in the data at higher q values comes from the background incoherent scattering primarily from the hydrogen in the sample. The background intensity is determined to be (0.35 Ϯ0.1) cm Ϫ1 and is subtracted from the data before performing the following analysis.
To determine the average chord length, ᐉ c , or pore size from the SANS data, we apply an invariant analysis for the analysis of small angle scattering from a two-phase system. 18 This approach has the advantage of determining ᐉ c of a two-FIG. 1. X-ray reflectivity data from the porous low-k dielectric thin film as prepared on a silicon wafer along with the best fit to the data.
FIG. 2.
The density depth profile of the porous thin film from the best fit to the x-ray reflectivity data. The elemental composition of the material is used to convert the electron density to a mass density.
phase system from SANS data without reference to an absolute intensity scale. The scattering invariant of the SANS data is given by
Conceptually, the invariant relates the experimental intensity to the average mean square of the scattering length fluctuations. 19 The measured invariant can be used to directly determine the average chord length ᐉ c through
This approach assumes that there are only two phases in the system with sharp interfacial boundaries (Iϳq Ϫ4 ), conditions that are met in this sample. The Porod power law ensures that the integrals in Eqs. ͑2͒ and ͑3͒ converge. From the SANS data, ᐉ c is (14.8Ϯ2.0) nm, a value consistent with those from PALS measurements. 9 Errors in ᐉ c , however, may arise because the SANS data fall over a limited q range. The SANS data may be extrapolated to higher q following the Porod power law behavior, but the scattering at lower q values ͑higher intensity͒ is not known because of practical instrumental limitations. However, it is expected that significant errors would arise only if there was a significant fraction of large pores ͑Ͼ500 nm͒.
To determine the porosity of the film using this formalism, we use the theoretical definition of the invariant given by the equation Q th *ϭ2 2 ⌬ N 2 P͑1Ϫ P ͒ϭQ exp * .
͑4͒
As in the Debye two-phase model, there are two equations, Eq. ͑1͒ and Eq. ͑4͒, which are functions of w and P ͑given the elemental composition͒. Here, the absolute scattering intensity is important because a ratio is not used to determine the porosity and wall density. The porosity and the wall density are calculated to be (0.28Ϯ0.10) and (0.92 Ϯ0.15) g/cm 3 , respectively. The structural parameters for the film calculated using the scattering invariant approach can be compared with the values from the Debye two-phase calculation to provide a more consistent interpretation of the XR and SANS results. For a given scattering volume, the Debye formalism assumes a random two-phase structure. 12 Using this model dependent calculation, the lower layer porosity, pore wall density, and average chord length are determined to be (0.36Ϯ0.2), (1.04Ϯ0.35) g/cm 3 , and (20Ϯ7) nm, respectively. The relatively large error in these parameters arises from the small error bars in the SANS intensity and the imperfect fit of the scattering data to the Debye model ͑random twophase͒. The invariant calculation for this case is more accurate because it does not depend upon the assumption of a scattering model. However, the results from both analyses are consistent with a film structure with fully dense top layer forming approximately 20% of the overall film thickness and a porous bottom layer with an average pore chord length ᐉ c of about 15 nm. The XR data used to determine the depth profile of the film were critical toward the proper interpretation of the SANS data. These results demonstrate that the application of both XR and SANS measurements can provide quantitative, detailed information about the structure of porous low-k dielectric thin films even with nonuniform density depth profiles. FIG. 3 . Small angle neutron scattering data plotted on a log-log scale as a function of q. The data are placed on an absolute intensity scale using a scattering volume of the porous lower layer of the film. The limiting Porod power law scaling, Iϳq Ϫ4 , is also shown by the solid line.
